Coupled multifield analysis of a piezoelectrically actuated valveless micropump device is carried out for liquid (water) transport applications. The valveless micropump consists of two diffuser/nozzle elements; the pump chamber, a thin structural layer (silicon), and a piezoelectric layer, PZT-5A as the actuator. We consider two-way coupling of forces between solid and liquid domains in the systems where actuator deflection causes fluid flow and vice versa. Flow contraction and expansion (through the nozzle and the diffuser respectively) generate net fluid flow. Both structural and flow field analysis of the microfluidic device are considered. The effect of the driving power (voltage) and actuation frequency on silicon-PZT-5A bi-layer membrane deflection and flow rate is investigated. For the compressible flow formulation, an isothermal equation of state for the working fluid is employed. The governing equations for the flow fields and the silicon-PZT-5A bi-layer membrane motions are solved numerically. At frequencies below 5000 Hz, the predicted flow rate increases with actuation frequency. The fluid-solid system shows a resonance at 5000 Hz due to the combined effect of mechanical and fluidic capacitances, inductances, and damping. Time-averaged flow rate starts to drop with increase of actuation frequency above (5000 Hz). The velocity profile in the pump chamber becomes relatively flat or plug-like, if the frequency of pulsations is sufficiently large (high Womersley number). The pressure, velocity, and flow rate prediction models developed in the present study can be utilized to optimize the design of MEMS based micropumps.
Introduction
There is an increasing demand to develop drug delivery devices to meet medical needs. The use of microelectromechanical systems (MEMS) technology can be implemented to resolve these needs. The application of MEMS technology is advantageous for the medical needs of site specific drug delivery, reduced side effects, increased biocompatibility, and increased therapeutic effectiveness. A total drug delivery system consists of a drug reservoir, micropumps, valves, microsensors, microchannels, and necessary circuitry. Micropumps are essential components in the drug delivery systems. A typical micropump is a MEMS device, which employs an actuation source to transfer the drug from the drug reservoir to the patient. Valveless micropumps are similar to diaphragm type positive displacement micropumps but do not use check valves to direct flow. Instead nozzle/diffuser elements are used as flow rectifiers. Piezoelectric elements coupled to thin diaphragms in contact with a fluid chamber are useful to induce fluid motion. These devices are typically operated at the first resonant mode of the coupled piezoelectric/pump diaphragm (for example, a bi-layer silicon/PZT-5A membrane) with low electrical power excitation to achieve microscale mode shape displacement. Valveless micropumps do not have any moving mechanical parts. Thus, they can conduct particles without choking.
In the review by Nabavi [16] , the recent advances in the numerical and experimental analysis of the steady and pulsating flows through microdiffusers and valveless micropumps were surveyed. The differences between the performance of microdiffusers and micropumps in steady and unsteady flow regimes were described. The use of experimental flow visualization of steady and pulsating flows through microdiffusers and micropumps as a useful tool for better understanding the underlying microfluid dynamics was also discussed. Ullmann [26] presented an analysis of the performance of single chamber and double chamber piezoelectric valveless pumps under the different combination modes possible such as a series connection and a parallel connection by a lumped mass model. The pump performance for a parallel and a series connection was analyzed under constant inlet and outlet pressures. It was shown, that a series connection usually is advantageous to a parallel connection even for the purpose of increasing the flow rate (for fixed pressure difference). The model was tested against experimental data and showed good agreement. Olsson et al [21] presented a lumped mass model for valveless diffuser pumps. The model was tested for different previously reported valveless diffuser pumps and shows good agreement with the experimental results. The model predicts the flow-pressure characteristics for different excitation levels. The flows and pressures inside the pump were investigated for six different valveless diffuser pump configurations. Morris and Forster [15] showed an exact unsteady solution to the Navier-Stokes' equations for the investigation of valveless diffuser pumps. Optimal valve size and best valve shape for maximal valve action over a target Reynolds number range were determined with a low-order linear model. Agreement with experiment using pumps with Tesla-type valves was within 20%. Gamboa et al [11] presented a method for optimizing valve shape using two-dimensional computational fluid dynamics. A Tesla-type valve was optimized using a set of six independent, non-dimensional geometric design variables. The result was a 25% higher ratio of reverse to forward flow resistance averaged over the Reynolds number range 0 < Re < 2000 compared to calculated values for an empirically designed, commonly used Tesla-type valve shape. Prototype plastic pumps were fabricated and tested. Steady-flow tests verified the predicted improvement in forward flow resistance. The large performance increase observed demonstrated the importance of valve shape optimization in the overall design process for fixed-valve micropumps. Nisar et al [18] briefly overviewed MEMS based micropumps and their applications in drug delivery and other biomedical applications. Actuation methods, working principles, construction, fabrication methods, performance parameters and their medical applications were presented. Various performance parameters such as flow rate, pressure generated, and size of the micropump were investigated to optimize an appropriate micropump for a particular application. Generated net flow in micropumps is experimentally investigated and reported in [13, 17, 22] . Experimental studies of hydrodynamics by Jang et al [13] at the first and at higher resonant modes revealed the expected bulk fluid motion associated with the mode shapes.
A design that uses the shear deformation of a lead zirconate titanate actuator to deflect a diaphragm was proposed by Chen et al [5] . The theoretical results were compared with the numerical solutions generated by ANSYS and verified by experiments. The paper by Nguyen and White [17] presents design issues and a numerical model of a flexural plate wave pump. Influences of channel height, wave amplitude, and back pressure on the velocity profile and flow rate are investigated. Thermal transport effects of the acoustic streaming were also discussed in order to integrate a thermal flow sensor into the pump or to apply the pump for cooling purposes. A one-way coupled dynamic model was developed by Cui et al [6] for the valveless micropump based upon mass conservation. The simulation results showed that the performance of the micropump is related to the stroke volume of the pump diaphragm. The simulations also reveal that here is an optimal thickness of the piezoelectric layer (at 500 V mm −1 electric field). The effects of the geometrical dimensions on the micropump characteristics and on the micropump efficiency were also analyzed by the same group [7] . The simulation results show that there is an optimal thickness of the piezoelectric layer appropriate for obtaining a large pump flow. Nisar et al [19] predicted the performance of the micropump considering the diffuser length, diffuser neck width, and diffuser angle. They concluded that the excitation voltage is the more dominant factor that affects the flow rate of the micropump as compared with the excitation frequency. However, at extremely high excitation frequencies beyond 8000 Hz, the flow rate was found to drop as the diaphragm exhibits multiple bending peaks which are not desirable for fluid flow. The numerical study by Fan et al [10] reported the performance of a piezoelectrically actuated valveless micropump. Simulation of the piezoelectrically actuated valveless micropump indicated that the bi-layer membrane deflection amplitude increases with the increase of the actuating frequency in a low frequency range (<7500 Hz). However, because of the electromechanical-fluid couplings, the membrane deflects in an undesirable way at high frequencies. The study by Jeong and Kim [14] compared two different numerical models, the fluid-structure interactive (FSI) model and the prescribed deformation model, for the evaluation of the performance characteristics of a diffuser-nozzle based piezoelectric micropump. It was found that the behavior of the membrane computed with the FSI model is not in accordance with that computed with the prescribed deformation model, and that the net flow rate in the FSI model is larger than that in the prescribed deformation model.
Numerical investigations of the piezoelectric micropumps have been reported [2, 4, 6, 7, 10, 18, 19] . Most of the previous studies have been conducted to identify the deflection of the piezoelectrically actuated valveless micropump rather than the prediction of generated flow rates. Some of these studies did not couple the piezoelectric actuation to the pressure and shear forces generated by the fluid (one-way coupling only) [6, 7] . The previous investigations of the micropumps where two-way fluid-solid coupling was considered did not report the cycle averaged mass flow rates and time-averaged velocity patterns [2, 4, 10, 18, 19] . Some previous investigations concentrate on the generated instantaneous flow rates [2, 4, 6, 7, 10, 18, 19] . However, the net flow generated by the device should be evaluated by averaging velocity field over sufficient number of perturbation cycles.
The present study addresses the development of a comprehensive numerical model for the coupled multifield analysis of piezoelectrically actuated valveless micropump MEMS devices for liquid transport applications. We investigate the effect of actuation voltage and frequency on pump diaphragm deflection and flow rate through the inlet/outlet of a piezoelectrically actuated valveless micropump. Time-averaged velocity fields are computed and the effects of actuation frequency and applied voltage on the flow rates are predicted-including the effects due to compressibility. The previous works [6, 10, 19] explained the dependence of net flow rates to actuation frequency using the instantaneous deflection shapes of the bi-layer membrane without calculating time-averaged velocity. Flow rates are calculated in the present study by integrating time-averaged velocity fields for the entire micropump. The dependence of net flow rates on actuation frequency is also provided.
Problem description and geometry
Flow generated by a piezoelectric valveless micropump is modeled in a microchannel (figures 1(a)-(c)) using mechanical equations of motion for the solids, the electromagnetic field equations for the actuator, and mass/momentum conservation equations for the fluid. The valveless micropump consists of two diffuser/nozzle (outlet/inlet) elements; the pump chamber, a thin structural layer (silicon), and a piezoelectric layer, PZT-5A, as the actuator. The selected problem geometry is similar to the one reported by Cui et al [7] . The two-dimensional (x-y) geometry used in the present study considers a 90 • rotated diffuser geometry compared to the pumping chamber and the membrane displacement direction, as shown in the experimental three-dimensional schematic in figure 1 of Cui et al [7] .
A piezoelectric material deforms when an external electric field is applied. A sinusoidal voltage signal is applied at the input electrodes, which by the converse piezoelectric effect is converted to mechanical perturbations on the surface. The volume of the element reduces or expands depending on the polarization of the applied electric field. When the piezoelectric element (PZT-5A, particulate (lead) zirconate titanate) located in between two electrodes is electrified the bi-layer membrane moves up or down for the piezoelectric micropump. The bi-layer membrane consists of a silicon pump diaphragm and PZT-5A piezoelectric layer. The piezoelectric valveless micropump device configuration adopted in this study has a thin film bulk acoustic resonator (FBAR) structure, where two electrodes are patterned on the top and the bottom surfaces of the piezoelectric substrate in which the electrodes fully cover the surfaces. The mechanical wave propagates across the piezoelectric element generating a bulk wave. Figure 1(a) shows that the valveless micropump consists of two diffuser/nozzle elements and the pump chamber (bottom layer); one thin pump diaphragm (middle layer) and one piezoelectric layer, PZT-5A (top layer) as the actuator. A two-dimensional structural schematic of the micropump is shown in figures 1(b) and (c). The micropump is made from silicon and glass. As these two kinds of materials have good chemical stability, the proposed micropump is biocompatible.
The length of the pump chamber is 6.0 mm, the height of the (undeformed) pump chamber (H) is 280.0 µm, the diffuser and nozzle lengths are each 1.1 mm, the height of the narrowest part is 100 µm for both the diffuser and the nozzle, the divergence and convergence angles are both 9.4 • , the thickness of the silicon layer is 100 µm, and the thickness of the PZT-5A layer is 150 µm. When the pump diaphragm moves to increase the volume of the pump chamber, the fluid is pushed into the pump across the inlet and the outlet. The pump is in the supply phase ( figure 1(b) ). If the flow resistance in the nozzle direction is higher than that in the diffuser direction, more fluid flows into the pump chamber through the inlet. On the other hand, when the pump diaphragm moves to decrease the volume of the pump chamber, the pump is in the pumping phase ( figure 1(c) ). More fluid goes out of the pump through the outlet; hence, the net fluid transport from the inlet to the outlet is achieved.
Mathematical model
Piezoelectrically actuated micropump design and analysis is a complex multidisciplinary problem with field couplings in electrical, mechanical, and fluid quantities. The governing equations for the solid (piezoelectric and non-piezoelectric) and the fluid domains and the boundary and initial conditions are discussed in the following sections. The coupling relations of the mechanical, electrical, and fluid fields are described thereafter.
Solid (piezoelectric) domain
Propagation of acoustic waves in piezoelectric crystals is governed by the mechanical equation of motion and the electromagnetic field equations. The equations are coupled by the piezoelectric constitutive equations given by:
where D is the electric displacement field and has units (C m −2 ), S is the strain (unitless), T is the stress (N m −2 ), c ijkl is the elasticity constant and has units (N m −2 ), ε ij is the dielectric permittivity constant and has units (F m −1 ); E j is the electric field component and has units (V m −1 ) and the constants e ijk and e ikl are the piezoelectric stress constants and have units (C m −2 ). The piezoelectric stress matrices in both equations are transposes of each other, hence the superscript (T). The piezoelectric matrix couples the electric and mechanical fields. The superscripts on the elastic stiffness constants and the dielectric permittivity constants imply that these are the properties at constant electric field and strain, respectively.
When solving for acoustic waves the magnetic field is assumed to be static and hence the electric field is assumed to be the gradient of the scalar potential:
where ϕ is the electric potential. This is often called the quasistatic approximation and has negligible effect on the solution [29] . The equation of motion for a vibrating particle in the absence of body forces is:
where ρ is the particle density, x j is the coordinate and u i is the displacement component in the ith direction. Substituting equations (3) and (4) in the first piezoelectric constitutive equation (1) yields the first wave equation:
Piezoelectric materials are insulators; therefore the absence of electric charge within the material can be expressed by:
The second coupled wave equation is expressed as:
equations (5) and (7) are two second-order coupled wave equations. In equations (1)- (7) the Einstein summation convention is used. For indices i, j, k, and l the index values are 1, 2 (representing the two dimensions of physical Euclidean space). The governing equations (5) and (7) are wave equations. Equation (5) yields two displacement equations with polarizations in two spatial directions when expanded in full form. Equation (7) yields the voltage equation. The piezoelectric stress constants (e ijk and e ikl ) couple the two displacement equations and the voltage equation in equations (5) and (7). The piezoelectric micropump is modeled using a 2D model. The solutions of the displacement and voltage depend on the x and y dimensions only.
Solid (non-piezoelectric) domain
The piezoelectric stress constants (e ijk and e ikl ) are zero in non-piezoelectric materials. Thus, the mechanical equation of motion (equation (5)) simplifies to:
Similarly, the governing equation for electrical quantities, equation (7), simplifies to the Laplace's equation
Propagation of acoustic waves in non-piezoelectric domains is governed by the equations (8) and (9). The governing equations (8) and (9) for non-piezoelectric solids are uncoupled and simplified.
Fluid domains
The compressibility of the water needs to be considered in some sense for the flows generated by acoustic excitations. In the present model fluid properties of water are used while treating the liquid as compressible and Newtonian. We investigated the effect of compressibility of water in flexural plate wave pumps [23] . The predicted time-averaged water velocities computed with a compressible flow model agreed significantly better with the experimental data than the predictions obtained with an incompressible flow model. Hence the effect of compressibility should be considered in modeling acoustically driven flows in pumps. The compressible form of the equation of state of water was also used by other investigators [24, 28] for analyzing acoustically driven water flows in microchannels. Typically the fluid flow Mach numbers are small, and also the variations of the density of the fluid are below 0.2% in the present study. Typically the Mach number criterion is used for gas flows in pressure driven flows to determine if a compressible flow model should be used. However, for liquids the criterion is not strictly applicable [23, 24, 28] .
The fundamental equations used to describe the generation and propagation of acoustic waves in water are the compressible form of the two-dimensional continuity and the momentum equations, described as
where v f is the velocity vector containing u f and v f components along the x and y directions, t is time, ρ is density, and p is the pressure. The components of the viscous stress τ can be related to velocity gradients to produce the shear stress terms in terms of the shear viscosity and the second coefficient of viscosity. A thermodynamic relation p = p(ρ, s) is used to close the set of equations for a fluid medium [3] :
The subscript '0' denotes the fluid properties at equilibrium, and ρ is the fluid density. The coefficients A and B represent the adiabatic bulk modulus of elasticity and the so-called nonlinear modulus, respectively [25] ;
where c is the acoustic wave speed and the s subscript indicates that the process occurs with constant entropy. For isentropic waves, the pressure is linearly related to the density through the speed of sound in the fluid. The isentropic assumption is often used for acoustic problems. The equation of state is represented as
where ρ 0 is nominal fluid density (a constant), p 0 is nominal pressure (atmospheric) and c s is the speed of sound in working fluid. The isentropic assumption is not valid for all frequencies such as very low frequencies when the energy does not radiate. However, for the cases investigated here (0.2-8.0 kHz) the first-order approximation to equation (12) can be applied.
Boundary and initial conditions
The boundary conditions for the dependent variables need to be specified for the problem geometry ( figure 1(a) ) considered. Along the inlet and outlet boundaries (left and right boundaries in figure 1(a), respectively) zero gradient boundary conditions are specified for velocity. Along the walls zero slip boundary conditions are used for velocity. Rather than using zero pressure at the inlet and outlet, in the present work we employ the pressure boundary conditions introduced by Zhang et al [30, 31] . Details of the modeled boundary conditions (figure 1(a)) are: inlet (17) where p is the pressure, P 0 is the ambient pressure, H is the height of the channel, µ is the kinematic viscosity of the working fluid,ū f,in andū f,out are iteratively calculated area averaged instantaneous velocities along the channel inlet and outlet, respectively. Here we assume that the flow starts (inlet) and terminates (outlet) at large reservoirs. Density along the inlet and outlet boundaries is specified using the equation of state (equation (15)) and the pressure boundary conditions predicted by the equations (16) and (17) . The above pressure boundary conditions include the effects of sudden contraction and sudden expansion at the inlet and outlet. Happel and Brenner [12] showed, the local pressure loss/gain is linearly proportional to mean velocity if the Reynolds number (
µ ) is less than 1.6 where u f is the time and space-averaged axial velocity of fluid at the mid-section of the pump chamber (x = 3.0 mm). This condition is mostly satisfied by the present predictions. Happel and Brenner [12] did not consider the specific case of oscillatory flow through fluidic 'diodes'. The pressure losses due to flow contraction and expansion through a infinitely thin slit are covered in [12] .
Two sides and the top surface of the PZT-5A crystal are traction (stress) free. The bottom of the crystal is coupled to the silicon layer by implicit pressure and implicit shear stresses. 'Implicit pressure' and 'implicit shear stress' terms are used here to represent unknown quantities that are calculated in an iterative manner. Two sides of the silicon layer are considered to be clamped. The bottom of the silicon layer is the fluid-structure interface. It is also coupled to the liquid layer by implicit pressure and implicit shear stresses. The bottom surface of the micropump is glass. Glass is considered as perfectly rigid. Boundary conditions of electrical variables are as follows: the sides of all three layers have zero gradient and the piezoelectric element is grounded at its top surface and sinusoidal voltage is applied at the bottom. The fluid is initially quiescent and the pressure is atmospheric and all dependent variables are zero.
Coupling of the mechanical, electrical, and fluid fields
Once the piezoelectric element is electrified, the applied electrical energy transforms to mechanical and electrical energy according to the piezoelectric constitutive equations (equations (1) and (2)) and equation of motion (equation (4)). Mechanical and electrical energies propagate to the bulk of the piezoelectric element (PZT-5A) creating deformations on the silicon layer. The mechanical waves in silicon also interact with the surrounding liquid from its bottom surface creating displacements in normal and tangential directions. Along the fluid-solid interface, the displacements generated by the silicon/PZT-5A bi-layer generate flow in the fluid according to:
where u is the displacement vector in silicon, v s is the velocity vector in silicon and v f is the velocity vector in fluid. The fluid flow generated by the displacements in silicon affects the mechanical waves in solid layers. Therefore, the force interactions between solid and fluid layers should be in dual ways. The mechanical deformations should affect the fluid flow and the fluid flow should affect the driving mechanical deformations in solid layers. Numerically this method is invoked by specifying implicit pressure and implicit shear stress across the bottom of the bi-layer membrane. Mathematical representation of the implicit pressure and implicit shear stress are as follows:
where s represents solid, f fluid, T 22 normal component of stress (y direction), T 21 shear component of stress (x-y plane), n 1 outward normal in the x direction, and n 2 outward normal in the y direction. Positive pressure in liquid generates negative normal stress in solid (T f 22 = −p). In the present work, the flow is generated primarily by the vertically deforming surface and the domain is bounded by the bottom rigid boundary (y = 0 µm). The flow is generated by the up and down motion of the interface boundary. In the valveless micropump, as the boundary oscillates with time, it is expected that the fluid will also oscillate in the y direction over time with a specific frequency.
The model first calculates the shear and normal forces (by the solution of pressure and velocities for the fluid) that are to be imposed on the solid domains. Using these forces, governing equations for the solid domains are solved. If the convergence for all variables for flow and structure dynamics is achieved, the calculations proceed to the next time step. Otherwise, a computational grid is reconstructed based on the deformation of the solid model. Pressure and velocities for the fluid are solved again and so on.
Material and working fluid properties
Material properties and the working fluid properties considered are listed in this section. Property data are given below for the piezoelectric material (PZT-5A), pump diaphragm (silicon), and working fluid. The material data are provided following the conventional IEEE standards on piezoelectricity [1] . Piezoelectric material PZT-5A [6] . The density ρ, piezoelectricity e, permittivity ε, and the elasticity matrix c of PZT-5A are given below.
Density ρ = 7700 kg m 
Numerical model
For the solid domains second-order strain analysis is invoked with a consistent mass matrix type. The resultant system of linear equations for the piezoelectric domains is not positive definite and symmetric. Accordingly, a direct linear equations solver PCGLSS 5.0 is used for the solution of the dynamic structural model. It limits the allowable number of grid points for solid domains. Time-dependent simulations were performed via an implicit Euler scheme. The time step was chosen such that the cyclic variation of the piezoelectric actuator is well-resolved.
For the liquid domain, the finite volume method is used to discretize the governing equations. The governing equations for the liquid domain are solved using the SIMPLEc algorithm [27] . The resultant system of equations is solved by the CFD-ACE + 2010 solver. A conjugate gradient squared linear equations solver was employed with an implemented 'incomplete Cholesky factorization' as a pre-conditioner [9] . Terms for the discretization of convection terms are formulated according to the second-order accurate upwind scheme for velocity, and second-order accurate central difference scheme for density. For the flows with moving and deforming boundaries, grid generation is considered at every time step. Re-meshing is introduced here by using the transfinite interpolation (TFI) scheme [8] . The TFI scheme determines the interior node distribution based on the motion of the boundary nodes.
The problem is simulated using 100 time steps per cycle. The same time step is used for the solid and liquid zones. For example, for a frequency of 1.0 kHz, the time step is 10 −5 s. Decreasing the time step by another 50% did not have any appreciable effect on the results. The time required to reach a pseudo-periodic state is 10.0 perturbation cycles. The velocity and the computational grid cell center coordinates are stored for one cycle (100 time steps). The stored velocity and coordinates are averaged to get time-averaged velocity vectors. Rectangular structured brick elements are used both for the solid and the liquid domains. Total computation time (per case) is about 7 h on a Dell Optiplex 360 computer 80  400  2  100  400  3  140  400  4  80  200  5  80  1000  6  80  2000  7  80  4000  8  80  5000  9  80  6000  10  80  7000  11  80  8000 equipped with Intel Core 2 Duo processor and 3.0 GB of memory. Table 1 lists the cases considered in the present study.
Results and discussion
In cases 1-a through 1-e, a grid dependency study is considered varying the number of computational cells while f = 400.0 Hz and V p−p = 80.0 V. In cases 1-a, 2, and 3 the parameters are chosen from the values used in [7] , f = 400.0 Hz and actuation voltages are V p−p = 80.0, 100.0 V, and 140.0 V respectively. The first three cases are chosen to investigate how the predictions by the present work and [7] differ with the change of applied electric potential. In cases 4-11, the frequency of the perturbations is varied (f between 0.2 and 8.0 kHz) at an actuation voltage of V p−p = 80.0 V, while keeping other parameters the same as in case 1-a. By varying only the frequency of the perturbations the effect of actuation frequency on generated flow is investigated. The previous works [6, 10, 19] explained the dependence of net flow rates on actuation frequency using the instantaneous deflection shapes of the bi-layer membrane without calculating time-averaged velocity. Flow rates are calculated by integrating the time-averaged velocity for the entire micropump in the present study. The goal of the cases 4-11 is to optimize actuation frequency while trying to maximize the pump flow rate. Three simulations are performed to observe the effect of driving voltage on the time-averaged velocity (cases 1-a, 2, and 3). Nine simulations are performed to observe the effect of actuation frequency on the time-averaged velocity (cases 1-a, 4-11). Material properties and micropump geometry are kept constant for all calculations.
A grid density of 216×48 is considered for fluid domains in cases 1a, and cases 2-11. For solid domains, we consider a grid density of 144 × 50.
Validation of the model
In figure 2 , the predicted flow rate is plotted versus varying number of solid grids (cases 1a through 1e) with grid sizes of 144 × 50, 158 × 50, 173 × 50, 116 × 50, and 130 × 50 respectively. It is found that predicted flow rate converges if the number of solid elements is above 6864 (cases 1a through 1c). All the flow rate predictions, except cases 1d and 1e (the number of solid elements is not sufficient for these cases), are within ±1.0%. A grid density of 144 × 50 is considered for solid domains (it corresponds to 6864 solid elements) in the present work (cases 1a, and cases 2-11). For the fluid domain, we consider a grid density of 216 × 48. A similar analysis was done to determine the grid size for the fluid domain.
Verification of the present numerical model is also performed by comparison of the instantaneous displacement of the interface in between solid and fluid layers with the published results [6, 7] for the problem geometry given in figure 1(a) . Figure 3 shows the comparison of the present model predictions (cases 1-a, 2, and 3) of the vertical instantaneous displacement (y component) along the interface between solid and fluid layers (x coordinate) of the microchannel at y = 280.0 µm. The present coupled multifield model results agree well with the results of Cui et al [7] where the difference is below 2% at t = 25 ms.
Predicted flow rates at a higher actuation frequency (3.5 kHz) are compared with the results given in Olsson et al [20, 21] . Olsson et al [20] experimentally measured the average flow rate of a 6.0 mm diameter flat-walled double chamber silicon pump as 1946.0 µl min −1 at 3350.0 Hz. Olsson et al [21] calculated flow rate of the single chamber pump as 973.0 µl min −1 using the experimental results in [20] . We predicted time-averaged flow rate at 4000.0 Hz as 313.7 µl min −1 for a single chamber pump. In the present study, maximum vertical displacement is predicted as 0.48 µm (at 80.0 V excitation voltage) whereas Olsson et al reports the same as 0.64 µm (at 200.0 V). The membrane material, thickness, and diffuser geometry in [21] are similar in the present study and [20] . Net flow increases quadratically with excitation voltage. Therefore, the present flow rate predictions are within a reasonable range with Olsson et al 
Parametric studies
Reynolds (Re), Strouhal (St), and Womersley (α) numbers represent the relative importance of inertia over viscous forces; oscillating flow mechanisms over inertia and oscillating flow frequency in relation to viscous effects, respectively. The definition of Re, St, and α dimensionless numbers can be given as follows:
In equations (21) and (22), u f is the time and space-averaged axial velocity of fluid at the mid-section of the pump chamber (x = 3.0 mm). The calculated values of Re, St, and α dimensionless numbers for all cases studied are listed in table 2. Flows with lower St number show stronger inertia effects compared to the high St number flows. Figure 4(a) shows the time-averaged axial velocity profile as a function of distance from the bottom of the fluid domain (y-coordinate) and applied voltage in a microchannel along the vertical midplane (cases 1a, 2, and 3). The time-averaged velocity profiles are shown at the tenth cycle. Actuation frequency is kept constant at 400.0 Hz while varying peak to peak actuation voltages between 80.0 and 140.0 V are considered. The pseudo-periodic state solutions are confirmed by the negligible standard deviation between velocity profiles for the same phases during several consecutive cycles. At 400.0 Hz, the frequency of pulsations is sufficiently low that a parabolic velocity profile has time to develop during each cycle, as seen in figure 4 (a). The amplitude of the oscillations generated by the membrane increases with the increase of the driving electrical potential. As the amplitude of the membrane deflection increases, the generated flow also increases. It is also found that time-averaged vectors of velocity patterns do not change significantly with increasing driving voltage (not shown here). At a low actuation frequency (400 Hz), the excitation voltage is a dominant factor on the flow rate of the micropump.
In figure 4(b) , the variations of the x component of the normalized time-averaged fluid velocity along the y coordinate are shown for various values of the Womersley (α) number (actuation frequency) for cases 1-a, 4-11 at x = 3.0 mm. Here the time-averaged velocity is normalized by the maximum space and time-averaged velocity for the case considered. The actuation frequency (f ) is varied between 0.2 and 8.0 kHz which corresponds to α = 8.4-53.0. The time-averaged velocity (listed in table 2) increases with the increase of actuation frequency (below 5.0 kHz) then it drops significantly with frequency (table 2) . With the increase of actuation frequency, the velocity profile becomes flatter. The variation of normalized velocity appears to be continuous and gradual with the increases of α.
Acoustically driven flows in a micropump: quasi-periodic state
In figures 5(a)-(d) velocity vectors are plotted at the beginning of the tenth cycle, one-third cycle later, two-third cycle later, and at the beginning of the 11th cycle (case 1-a) respectively. Comparing the velocity fields in figures 5(a) and (d), quasi-steady behavior of the flow field is observed. When estimated velocity differences between subsequent cycles for all the calculated points are observed to be less than the specified convergence criteria (η =ū f,j+1 −ū f,j u f,j ≤ 0.01), the flow field is assumed to be quasi-steady. Figure 6 shows the contours of the pressure field for case 1-a at the end of the tenth cycle in the micropump, t = 25 ms. The deflection of the PZT-5A and silicon bi-layer membrane generates suction or discharge within the fluid. The resistance to flow is different at the nozzle from that at the diffuser. The pressure is asymmetric with respect to the vertical midplane of the device. This asymmetry is the driving force that leads to a net flow in the investigated micropump. Our simulation results indicate that the extent of suction or discharge pressures increases or decreases with increasing distance from the center of the device depending on the phase that the system goes through in an actuation cycle (the membrane displacement is maximum or minimum at the center for the device at the low frequency range of the present work). The generated pressure at the device surface also grows or decays with distance from the center of the membrane.
The variation of design parameters such as applied electric potential, actuation frequency, and geometric variables (such as the thickness of the silicon and piezoelectric layers, diffuser length, and divergence angles) could help generate sufficient pressure field along the entire length of the pump. It may also facilitate mixing of species that are otherwise molecular diffusion limited. The instantaneous pressure field changes with time within a perturbation cycle. For the flows with acoustic excitations the energy dissipated by the oscillating wall is not only attenuated by the inertia and viscosity of the fluid, it is also attenuated through the density variations (density variations cause variations in pressure). Hence the compressibility of water is considered in the present work.
In figure 7 time-dependent mass flow rates through the outlet of the micropump are shown during the tenth cycle. During the supply mode the instantaneous flow rate is positive (flow is into the pump chamber) and during the pump mode it is negative (flow is out of the pump chamber). The mass flow rate is provided per unit depth of the device (a two-dimensional model is considered). While the previous studies [2, 4, 6, 7, 10, 18, 19] report on the maximum value of instantaneous flow rates, instantaneous velocities are integrated along the outlet at each time step during one perturbation cycle in the present study. The instantaneous flow rates can be adjusted by varying parameters such as applied electric potential, actuation frequency, and geometric variables.
In figure 8 pressure (for liquid domain) and y component of normal stress (with a negative sign) are plotted along the y-axis at t = 25 ms for selected constant x lines (case 1-a). At y = 280.0 µm here we have the fluid-structure interface. The match of pressure and normal stress guarantees that the two-way coupling is performed satisfactorily (see section 3.5). The small kinks at y = 280.0 µm are due to the viscous boundary layer in fluid. The flow reversal is primarily caused by an adverse pressure gradient imposed on the boundary layer by the bulk flow. At these axial locations (x), the instantaneous local flow changes its direction (similar to Stokes' second problem) and spikes become stronger in the fluid. Here the thickness of the viscous boundary layer is 28.8 µm (f = 400.0 Hz). The magnitude of stress decays away from the liquid-solid interface since the top boundary of the device is free to deflect. Figure 9(a) shows the y-variation of u f at x = 3.0 mm at different time levels (four consecutive phases within a cycle) for case 1-a. The flow is generated by the up and down motion of the interface boundary. In the valveless micropump, as the boundary is oscillating with time, it is expected that the fluid will also oscillate in the y direction in time with a specific frequency. Between phase angles 0-π acceleration of the fluid is in the positive x direction and similarly between phase angles π-2π it is in the negative x direction. The bulk of the fluid responds to accelerations faster than the boundary layers due to the increased viscous friction in the boundary layers. The same effect can also be seen in figures 5(a)-(d). Hence the velocity profile is wavy at phase angles 0 and 2π . At phase angles of 2π/3 and 4π/3 the flow in the shear layers and the bulk of the flow follow each other generating plug-like and parabolic velocity profiles. The total area under the individual curves also confirms net flow in the positive x direction.
In figure 9 (b) variation of instantaneous shear stress (T xy ) along the width of the channel (y) is plotted (case 1-a). Instantaneous shear stress changes with time, when a sinusoidal electrical signal is applied on electrodes. Figure 9 (b) shows shear stress in the x-y plane along the vertical distance (y) at different time levels (four consecutive phases within a cycle).
In figures 10(a)-(c), contours of instantaneous strain in the y direction (S yy ) for the entire solid domains (top two layers in figure 1(a) ) are shown at the beginning of the tenth cycle, one-third cycle later, and two-thirds cycle later. Only solid domains are shown in figures 10(a)-(c) for case 1-a at the tenth cycle, f = 400.0 Hz and V p−p = 80.0 V. The y axis is magnified six times for clarity. The top layer, PZT-5A, is free to deflect along its sides and top face. The bottom layer, silicon, is clamped rigidly from its sides. In figure 10(a) , the structure is in 0 phase angle and the strain is uniform everywhere whereas in figure 10(b) , the structure is bent downward (negative y direction). The maximum strain is observed towards the edges of the PZT-5A layer where it is free to deflect along its two sides and its top boundary. Note that in figure 10(c) , the structure is bent upward. Accordingly, the maximum strain is observed towards the edges of the silicon layer where it is clamped to the structure. nozzle to diffuser of the micropump via averaging velocities over time. The time-averaged velocity profile over one period becomes parabolic (or relatively flat) for all cases being investigated. Nguyen and White [4] found out that the thickness of the evanescent decay length determines the transition from a parabolic profile to an asymmetric velocity profile. By comparing figures 11(a) and (b) it is seen that the time-averaged velocity increases approximately by three orders of magnitude when the actuation frequency increases from 200.0 to 8000.0 Hz. At a low value of actuation voltage (below 140 V), the excitation frequency is the dominant factor on the time-averaged velocity of the micropump.
In figure 12 the effect of actuation frequency on time-averaged volumetric flow rates is shown. The results are through the tenth cycle for the actuation frequency range of 200.0-8000.0 Hz, (x = 3.0 mm and V p−p = 80.0 V (cases 1-a, 4-11). The volumetric flow rate is provided per unit depth of the device (since a two-dimensional model is considered). The unit of it is µl (microliters) per meter second. In figure 12 , the fluid-solid system shows a resonance at 5.0 kHz due to the combined effect of mechanical and fluidic capacitances, inductances, and damping. At actuation frequencies below 2000.0 Hz elasticity of the piezoelectric element and structural materials is dominant. Mechanical system response is more dominant than the fluidic response at frequencies below 5000.0 Hz; with increasing actuation frequency the predicted flow rate increases due to the increasing membrane velocity per unit applied potential [15] . At higher frequencies, the Womersley number (α) is also higher. At higher α, the effect of the high frequency perturbations on the water is weakened due to the reduced cyclic times. This results in a change in the velocity profile whereby, if the Womersley number is sufficiently large, the velocity profile becomes relatively flat or plug-like ( figure 4(b) ). As shown in figure 12 below 5000 Hz, the time-averaged flow rate increases with increasing frequency. At high frequency, the working fluid (water) ceases to follow the perturbations due to its inertia and viscosity. At higher frequencies although the value of instantaneous velocity is higher than at lower frequencies ( figure 4(b) ), the steady component of velocity is lower at higher frequencies. Time-averaged flow rate starts to drop with increase of actuation frequency above (5000 Hz). The actuation frequencies reported in figure 12 are significantly lower than the first natural frequency (67 007 Hz) of the mechanical system (solids only). The first natural frequency of the piezoelectric actuator (silicon and PZT-5A) is estimated following reference [6] . Here the first natural frequency refers only to that of a second-order mechanical system response. It does not reflect the combined resonance due to mechanical and fluidic capacitances, inductances, and damping.
Summary and conclusions
The flow fields generated in a microchannel (micropump) due to a thin film bulk acoustic resonator are presented considering electrical, mechanical, and fluidic fields. The compressibility of the liquid is considered with an isothermal equation of state in the present work. The model predictions are compared with results available in the literature [7] . Although some previous investigations [2, 4, 6, 7, 10, 18, 19] considered instantaneous flow rates, albeit considering incompressible flow formulation, the net flow generated by the device can be better evaluated by averaging velocity field over a sufficient number of perturbation cycles. Instantaneous velocities are predicted at each time step and the results are time-averaged to get the mass flow rates. It is shown that the difference in flow resistance due to flow contraction and expansion (through a nozzle and a diffuser respectively) generates net fluid flow as the bi-layer structural-piezoelectric membrane deflects up and down continuously.
The present model predictions of the vertical displacement along the interface between solid and fluid layers are compared to the work by Cui et al [7] . The solid bi-layer deflection results agree well with their results, where the difference is below 2%. To our knowledge, time-averaged velocity fields are shown for the entire piezoelectric valveless micropump for the first time in the present work. With increasing actuation frequency the predicted flow rate increases up to 5000.0 Hz. Then it drops significantly with increasing frequency.
The time-averaged velocity increases approximately by three orders of magnitude when the actuation frequency increases from 200.0 to 5000.0 Hz. At a low actuation voltage (80 V), the excitation frequency determines the time-averaged velocity of the micropump. A way of determining the static pressures at the inlet and outlet of microchannels is also presented that takes account of the pressure losses due to flow contraction and expansion. The pressure, velocity, and flow rate prediction models developed in the present study can be utilized to optimize the design of MEMS based micropumps. Flow rates are calculated by integrating time-averaged velocity for the entire micropump in the present study. Different from previous studies, this paper quantitatively provides the dependence of net flow rates on the actuation frequency.
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